In Brief
Polyandrous females from many taxa can influence the relative fertilization success of competing sperm by modulating the timing of sperm ejection after mating. Lee et al. report that a brain signaling pathway closely related to vertebrate neuropeptide corticotropin-releasing factor regulates the timing of sperm ejection in the fruit fly.
In polyandrous females, sperm storage permits competition between sperm of different mates, and in some species females influence the relative fertilization success of competing sperm in favor of a preferred mate [1, 2] . In female Drosophila melanogaster, sperm competition is strongly influenced by the timing of sperm ejection from the uterus [3, 4] . Understanding how female behavior influences sperm competition requires knowledge of the neuronal mechanisms controlling sperm retention and storage, which is currently lacking. Here, we show that D. melanogaster females eject male ejaculates from the uterus 1-6 hr after mating with a stereotypic behavior regulated by a brain signaling pathway composed of diuretic hormone 44 (Dh44), a neuropeptide related to vertebrate corticotropinreleasing factor (CRF), and its receptor, Dh44R1. Suppression of Dh44 signals in the brain expedites sperm ejection from the uterus, resulting in marked reduction of sperm in the storage organs and decreased fecundity, whereas enhancement of Dh44 signals delays sperm expulsion. The Dh44 function was mapped to six neurons located in the pars intercerebralis of the brain together with a small subset of Dh44R1 neurons that express the sex-specific transcription factor doublesex. This study identifies a neuronal pathway by which females can control sperm retention and storage and provides new insight into how the female might exercise post-copulatory sexual selection.
Results and Discussion
Male D. melanogaster avoid sperm competition by discouraging females from re-mating and by depositing a mating plug in the female uterus [5, 6] . The mating plug is presumed to block insemination by another male and retain sperm in the uterus, allowing time for sperm storage [7, 8] . In mated D. melanogaster females, sperm collects in the uterus at the openings to the sperm storage organs, comprising seminal receptacle (SR) and paired spermathecae (Sp). However, as little as 10%-20% of the uterine sperm is stored, with most of the ejaculate being lost at the same time as ejection of the gelatinous plug [3, 9, 10] . Despite the potential for the mating plug to influence the efficiency of sperm storage and sperm competition, nothing is known about plug ejection behavior and how this is regulated by the female. Thus, we investigated the behavior of D. melanogaster females in actively removing sperm and the mating plug from a first mating by video recording individual mated females. At various times after the end of copulation (AEC), females groomed extensively and squeezed from the vagina a white gelatinous sac comprising both the sperm mass and the mating plug ( Figures  1A and 1B and Movies S1 and S2). Henceforth, we refer to this behavior as sperm ejection. When we examined wild-type Canton S (CS) and the eye-color mutant w
1118
, we found that sperm ejection occurred at times that varied widely within and between genotypes ( Figure 1C ). Next, we used protamine-GFP males, the sperm heads of which express GFP [3] , to examine the dynamics of sperm retention in the uterus at various times after mating ( Figure 1D ). Immediately after mating (0 min AEC), females had a large sperm mass in the uterus (arrowheads in Figure 1D ) together with the autofluorescing mating plug (asterisks in Figure 1D ). When examined at 60 min AEC, the sperm mass and mating plug were still present in the uterus, and sperm had appeared in the SR (arrows in Figure 1D ). At 180 min AEC, a large proportion of mated females had high numbers of sperm stored in the SR and Sp, but both sperm and the plug were absent from the uterus. Notably, the ejected sperm mass was always observed together with the mating plug, linking the ejection of un-stored sperm with the removal of the mating plug. Thus, post-mated D. melanogaster females actively remove un-stored sperm alongside the mating plug at variable times AEC ( Figure 1E ).
We speculated that this behavior is regulated by a central peptidergic pathway since peptides have been implicated in many female reproductive behaviors [5] . To identify peptidergic pathways that modulate sperm ejection, we knocked down a comprehensive panel of neuropeptide genes using the pan-neuronal nSyb-Gal4 driver and measured the timing of sperm ejection in post-mated females (Figures S1A and S1B). This small RNAi screen identified diuretic hormone 44 (Dh44) [11, 12] , knockdown of which resulted in precocious ejection of both sperm and the mating plug from the uterus of post-mated females within 10 min AEC ( Figure S1B ). In contrast, females lacking the RNAi transgene or carrying other neuropeptide-RNAi transgenes ejected sperm after much longer delays, >1 hr. At 1 hr AEC, post-mated Dh44-RNAi females had lost the mating plug and held little or no sperm anywhere in the entire reproductive system, whereas control females retained both the plug and uterine sperm at the same time as sperm was stored in the SR (Figure 2A ). To control potential off-target effects, we prepared three different Dh44-RNAi lines and confirmed that all three display precocious sperm ejection with similar reduced latency ( Figure 2B ). Further examination of Dh44-RNAi females 3 and 6 hr AEC confirmed either the complete absence or severe reduction of the number of sperm in the SR (Figures 2C and 2D ). To rule out the possibility that Dh44 is involved in the initial sperm transfer from males, we measured copulation duration and counted sperm in the uterus immediately AEC, and we found *Correspondence: kimyj@gist.ac.kr no difference between Dh44-RNAi and control females (Figures S1C and S1D) .
Upon mating, D. melanogaster females display an elevated rate of egg laying and mating refractoriness, known collectively as the post-mating responses (PMRs). These can be divided into short-term (12-24 hr) and long-term (6-7 days) phases elicited primarily by the seminal fluid proteins (SFPs) DUP99B and SP. SP is delivered to females attached to sperm, and it is the slow release of this peptide from stored sperm that elicits the long-term PMR [13] . We therefore expected that precocious sperm ejection and the consequential reduction of stored sperm would prevent post-mated Dh44-RNAi females from displaying normal long-term PMRs. Indeed, compared to control flies, Dh44-RNAi females laid 50%-80% fewer eggs over a 48 hr period ( Figure 2E ), all of which developed to adults (Table S1 ). Mating refractoriness usually lasts about 1 week after mating, whereas females that mated with SP-less males resist mating only until 12 hr after the first mating [13] . This short-term change in behavior is probably a response to DUP99B, which, although structurally related to SP, is not carried by sperm. We further investigated the relationship between sperm ejection and PMR development by examining mating refractoriness of Dh44-RNAi females at various times after (legend continued on next page) the first mating ( Figure 2F ). Then, we compared them with CS females mated with either SP-null or CS males. As expected, CS females mated with wild-type males remain refractory to further mating at 48 hr AEC, whereas CS females mated with SP-less males (SP 0 /D
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) stop being refractory from 24 hr AEC, displaying 60%-70% re-mating frequencies. In stark contrast, Dh44-RNAi females displayed significantly higher re-mating frequency even 4 hr AEC and more than 40% re-mating frequencies at 12 hr AEC. These results suggest that precocious sperm ejection caused by Dh44-RNAi prevents females from developing both short-and longterm PMRs as a result of the failure to hold the ejaculate in the uterus for sufficient time for DUP99B and the sperm-tethered SP to elicit a female PMR.
As a first step to map Dh44 neurons in the CNS, we examined Dh44 mRNA expression in the adult CNS using in situ hybridization. Dh44 expression in the CNS was broad and complex, occurring in large numbers of cells in the brain (Figures 3A and 3B ) and the ventral nerve cord (VNC; Figure 3C ). In contrast, no cells were stained with the control probe against antisense sequence of Dh44 mRNA (data not shown). Among the Dh44 cells in the CNS, we noted that six cells located in the pars intercerebralis (PI) of the brain (Dh44-PI) displayed the most prominent Dh44 mRNA expression (arrows in Figures 3A and 3B) . Notably, these six Dh44-PI neurons were recently implicated in circadian control of rhythmic locomotor activity [14] .
To further characterize Dh44 neurons, we generated Dh44-Gal4 ( Figure 3D ), and we found that knockdown of Dh44 in Dh44-Gal4 neurons (Dh44>Dh44-RNAi) causes precocious sperm ejection, similar to that seen with pan-neural Dh44-RNAi ( Figure 3J ). Subsequently, we expressed membranetethered EGFP using Dh44-Gal4 (Dh44>mCD8-EGFP) to show that Dh44-Gal4 had a broad expression pattern ( Figures  3E and 3F ). Dh44-Gal4 expression was most intense in PI neurons, matching the localization of Dh44 mRNA (arrow in Figure 3E) . We stained the CNS of Dh44>mCD8-EGFP females with both anti-Dh44 and anti-EGFP, and we found that Dh44-PI and other Dh44-Gal4 neurons are indeed positive for Dh44 ( Figures 3K and S2 ). The Dh44 immunoreactivity was abolished or greatly attenuated in Dh44-RNAi neurons, verifying the specificity of the antibody staining and the efficacy of the RNAi ( Figure S2 ). Nevertheless, we noted significant numbers of Dh44-Gal4 neurons lacking Dh44 immunoreactivity and vice versa ( Figure S2 ). We examined the female reproductive organs for the expression of Dh44 mRNA, Dh44 immunoreactivity, and Dh44-Gal4 activity, but we found no evidence for Dh44 expression in these tissues ( Figure S2 ).
Since many central neurons express Dh44-Gal4, we restricted Gal4 activity by including Gal80 transgenes that suppress transcriptional activity of Gal4 in defined populations of neurons. Acetylcholine is one of major neurotransmitters in the invertebrate CNS, and choline acetyltransferase (cha) encodes an enzyme responsible for the synthesis of acetylcholine. We found that inclusion of cha-Gal80 suppresses Gal4 activity in almost all Dh44-Gal4 neurons, except for six Dh44-PI and several small neurons, allowing us to examine anatomy of Dh44-PI neurons at high resolution ( Figures 3G-3I) . Somata of the six Dh44-PI neurons are located in the medial region of the PI (arrow in Figure 3I ). They send major processes along the anterior midline of the brain, arborizing mainly in the prow (PRW; arrowheads in Figure 3I ), which corresponds to the anterior dorsal area of the subesophogeal zone (SOZ) [15] . The subsequent RNAi experiment revealed that normal sperm ejection requires Dh44 expression in the Dh44-Gal4 minus cha-Gal80 neuron population ( Figure 3J ), implicating the Dh44-PI neurons in the control of sperm ejection.
Salt-induced kinase 2 (Sik2) has been implicated in transcriptional regulation of corticotropin-releasing factor (CRF), a mammalian ortholog of Dh44, in the rat hypothalamus [16] . Thus, we hypothesized that Drosophila Sik2 is also expressed in Dh44-PI neurons. Indeed, Sik2-Gal4 activity was colocalized with Dh44 exclusively in the six Dh44-PI cells ( Figures 3L and  S3) , and Sik2-Gal4-driven Dh44-RNAi also resulted in the precocious sperm ejection, recapitulating Dh44>Dh44-RNAi ( Figure 3J ).
Two related G-protein-coupled receptors, Dh44R1 and Dh44R2, have been identified as receptors for Dh44 [17, 18] . As seen with Dh44-RNAi, Dh44R1-RNAi in the nervous system resulted in precocious sperm ejection ( Figure 4A ) and a marked reduction in sperm storage ( Figure 4B ). In contrast, three Dh44R2-RNAi lines showed no sign of early sperm ejection and defective storage, although Dh44R2 expression is clearly reduced (Figures S4A-S4C) . Then, we generated Dh44R1-Gal4 ( Figure 4C ) and found that knockdown of Dh44R1 in Dh44R1-Gal4 neurons also caused precocious sperm ejection and a reduction in stored sperm ( Figures 4D  and 4E ). Like its ligand, Dh44R1 showed a broad and complex expression pattern in the CNS (Figures S4D and S4E) . Next, we asked whether Dh44R1-Gal4 neurons that express fruitless (fru) or doublesex (dsx) regulate sperm ejection because these sexually dimorphic transcription factors have been causally linked to other gender specific behaviors [19] . Dh44R1 neurons positive for fru or dsx were genetically targeted by combining Dh44R1-Gal4 with fru FLP or dsx FLP (Venn diagrams in Figures 4F and 4G) [20, 21] . Using these flies, we asked whether depolarization of either subset with a warmthactivated cation channel (dTrpA1) [22] would delay sperm ejection. Thermal activation of dsx-positive Dh44R1 neurons resulted in a marked delay in sperm ejection, but activation of (G and H) Confocal images of the brain (E) and the VNC (F) from Dh44-Gal4 cha-Gal80 UAS-mCD8-EGFP female stained with anti-GFP (green) and anti-nc82 (magenta) antibodies. The cha-Gal80 was combined to suppress Gal4 activity in most brain Dh44 neurons except Dh44-PI (see the main text). The arrow indicates Dh44-PI neurons. Scale bars, 50 mm. fru-positive ones did not ( Figures 4F and 4G ). Consistent with this observation, thermal activation of Dh44 neurons also delayed sperm ejection to a similar extent ( Figure 4H ). We also performed RNAi-knockdown of Dh44R1 in either fru Gal4 or dsx Gal4 neurons [23, 24] . We could not examine sperm ejection of dsx Gal4 -driven Dh44R1-RNAi females because they resisted mating, whereas fru Gal4 -driven Dh44R1-RNAi showed no effect on sperm ejection (data not shown). Subsequently, we expressed mCD8-EGFP in the dsx-positive Dh44R1 neurons and found a small number of pairs of neurons labeled in the female brain ( Figure 4I ). The EGFP labeling also occurred in several neurons of the abdominal ganglia (AG), but not the reproductive organs ( Figure 4J , K, Figure S4F ). Noticeably, dsx-Dh44 neurons displayed marked sex differences in the numbers of soma and in the brain projection patterns ( Figures  4I-4K, S4G , and S4H), suggesting their gender-specific functions. Dh44R1 mRNA expression in the brain and VNC was examined using in situ hybridization ( Figures S4I-S4L) , and its expression pattern was similar to Dh44R1-Gal4 expression, particularly in AG neurons ( Figures 4K and 4L ). Brain dsxDh44R1 neurons project to distinct brain regions including the PI, but not into the SOZ, to where Dh44-PI mainly project. This suggests that Dh44 may act on these receptor neurons via volume transmission, a common neuropeptide mode of action. It is also conceivable that Dh44 from PI neurons acts on AG neurons, probably through an endocrine route.
Here we provide compelling evidence that a stereotypic plug/sperm-ejection behavior of post-mated D. melanogaster females is regulated by a central peptidergic pathway composed of Dh44 and Dh44R1 and that early removal of the uterine sperm hinders transfer of sperm to the female sperm storage organs. Our evidence does not formally establish that the Dh44 pathway directly regulates sperm ejection. However, it does uncover a pathway, the activity of which can modulate the timing of sperm ejection with high activity resulting in a longer delay to sperm ejection. This is potentially significant in the context of post-copulatory sexual selection since it has been shown that the timing of plug and sperm ejection from the female has a direct effect on the fertilization success of sperm from competing males [4] . Thus, future studies are warranted to link the Dh44 pathway directly to the postcopulatory sexual selection by the female.
The reproductive success of males will often depend upon avoidance of sperm competition by discouraging females from re-mating [1] . In D. melanogaster, SFPs are known to increase male fitness by manipulating female physiology and behavior (female PMR) and by forming a mating plug [10] . By suppressing Dh44 signaling in the brain, we were able to weaken female PMRs. This raises the intriguing possibility that D. melanogaster females may be able to counter the behavior-modifying SFPs through the Dh44 pathway.
Dh44 and Dh44R1 are orthologous to CRF and CRFR [25] , important coordinators of the physiological response to stress in vertebrates [26] . Furthermore, we mapped the Dh44 function to six PI neurons expressing Sik2, a gene implicated in stress responses [27] and transcription of CRF [16] , suggesting the possible evolutionary conservation of this signaling pathway at several levels. The physical act of copulation in addition to the transfer of toxic SFPs in the ejaculate can compromise Drosophila female fitness [28] [29] [30] . Thus, it is plausible that female flies activate the stress pathway to cope defensively with mating-associated insults and costs and that this pathway has evolved new functions associated with retention of the ejaculate and sperm storage. It is therefore of interest to ask whether CRF mediates copulation-associated physiological responses in vertebrates.
What signals in the female brain might regulate the Dh44 pathway? We noted that Dh44-PI neurons occur in both males and females (data not shown), suggesting additional functions common to both sexes. Cavanaugh et al. reported that Dh44-PI form part of circadian output circuits [14] , suggesting functional pleiotropy of this pathway. Likewise, CRF peptides in mammals have been implicated in diverse processes, such as the timing of parturition, feeding, vascular tone, and cardiac functions [31, 32] . Dh44-PI neurons may also have evolved as a brain center for integrating multiple signals from circadian, metabolic, sensory, and reproductive systems for coordinated modulation of sperm ejection and other behaviors. Our identification of a circuit that regulates timing of sperm ejection is a critical step forward in understanding how females might modulate post-copulatory responses by integrating external signals such as the quality and quantity of the ejaculate and the social and physical environments with internal physiological signals associated with nutrition, reproduction, and circadian rhythms.
Experimental Procedures
Flies were cultured in a 12 hr:12 hr light:dark cycle. Transgenic lines were prepared with 5 0 upstream region of Dh44 (25,448 to +15), Sik2 (22,207 to 2908) and Dh44R1 (25,254 to +3). All behavioral assays were performed at zeitgeber time 5:00-11:00. For observing the sperm ejection behavior, mated females were videotaped in 10-mm-diameter chambers. Full experimental procedures and associated references are available in the Supplemental Experimental Procedures. 
Supplemental Information

Supplemental Information includes
